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Abstract
Monoclonal antibodies against GD2 ganglioside, such as ch14.18, the human–mouse chimeric
antibody, have been shown to be effective for the treatment of neuroblastoma. However, treatment
is associated with generalized, relatively opiate-resistant pain. We investigated if a point mutation
in ch14.18 antibody (hu14.18K332A) to limit complement-dependent cytotoxicity (CDC) would
ameliorate the pain behavior, while preserving antibody-dependent cellular cytotoxicity (ADCC).
In vitro, CDC and ADCC were measured using europium-TDA assay. In vivo, allodynia was
evaluated by measuring thresholds to von Frey filaments applied to the hindpaws after injection of
either ch14.18 or hu14.18K332 into wild type rats or rats with deficient complement factor 6.
Other rats were pretreated with complement factor C5a receptor antagonist and tested following
ch14.18 injection. The mutation reduces the antibody’s ability to activate complement, while
maintaining its ADCC capabilities. Injection of hu14.18K322 (1 or 3 mg/kg) produced faster
resolving allodynia than that engendered by ch14.18 (1 mg/kg). Injection of ch14.18 (1 mg/kg)
into rats with C6 complement deficiency further reduced antibody-induced allodynia, while pre-
treatment with complement factor C5a receptor antagonist completely abolished ch14.18-induced
allodynia. These findings showed that mutant hu14.18 K322 elicited less allodynia than ch14.18
and that ch14.18-elicited allodynia is due to activation of the complement cascade: in part, to
formation of membrane attack complex, but more importantly to release of complement factor
C5a. Development of immunotherapeutic agents with decreased complement-dependent lysis
while maintaining cellular cytotoxicity may offer treatment options with reduced adverse side
effects, thereby allowing dose escalation of therapeutic antibodies.
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1. Introduction
The GD2 ganglioside is enriched in plasma membranes of tumor cells of neuroectodermal
origin [29] and to a lesser extent, in peripheral nerves [33]. Anti-GD2 antibodies mediate
lysis of neuroblastoma and melanoma cells via complement-dependent cytotoxicity (CDC)
and by activation of Fc receptors on granulocytes and mononuclear cells. This latter effect
leads to antibody-dependent cellular cytotoxicity (ADCC) [2]. Thus, a chimeric anti-GD2
antibody (ch14.18) demonstrated therapeutic efficacy for patients with refractory
neuroblastoma in early clinical trials [38] and significantly improved event-free survival and
overall survival in a phase III randomized clinical trial in patients with high risk
neuroblastoma [37]. However, systemic administration of GD2 antibodies elicits
spontaneous intense visceral pain and perceived pain in response to light touch (allodynia) in
patients [7,35] and increased mechanical sensitivity in rats [31,32]. The pain is relatively
morphine resistant [35], occurs with the same time course in both humans and rats and, in
our experimental model, is associated with ectopic activity in afferent C fibers [36].
Although several mechanisms have been postulated, activation of the complement cascade,
which then elicits local neuronal activity, has long been suspected. In clinical trials, anti-
GD2 administration is associated with initial increases of complement component C3a and
concurrent decreases of C3c along with a maintained decrease in C4 [17]. Local application
of complement cascade activators such as zymosan, to a sensory nerve causes pain behavior
with characteristics similar to that seen for anti-GD2, i.e. sensitization to touch, but not to
temperature [5,32]. Activation of the complement cascade is well established as an initiator
of pain and hyperalgesia [23] and blockade of the alternative complement pathway prevents
zymosan-induced pain [34]. To ameliorate the undesirable side effect of pain, a new version
of the anti-GD2 antibody (hu14.18K322A) has been made which contains a point mutation
that is expected to keep it from fully activating complement. Importantly, a reduction in
ADCC resulting from this mutation was overcome by expression of the mutant in a cell line
that enhances binding to FcRIII and thus, ADCC should be minimally affected by this
mutation. To facilitate clinical development of hu14.18K322A, we aimed first to
demonstrate that this mutation indeed reduces complement activation with minimal
reduction of ADCC. The second aim was to determine to what extent this mutation and
decrement of complement activation altered evoked pain behavior in comparison with pain
behavior elicited by the original antibody. Last, the ability of intravenous treatment with
ch14.18, the antibody form that is currently under clinical trials, was tested in animals
pretreated with a C5a complement receptor antagonist and separately in a rat strain with
deficient C6 complement to demonstrate by alternative strategies that an intact complement
pathway is, in fact, necessary for the anti-GD2- associated allodynia.

2. Materials and methods
2.1. Anti-GD2 monoclonal antibodies

The human-mouse chimeric anti-GD2 antibody (ch14.18) is composed of the variable
regions of the murine anti-GD2 monoclonal antibody (mAb), 14.18 and the constant regions
of human IgG1-k [14]. Stock solutions were kept at 4 mg/ml at 4 °C and diluted with sterile
isotonic saline to 1 mg/ml at the time of the experiment. The GD2 antibody variant
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hu14.18K322A is humanized and shares identical C regions of IgG1-k as ch14.18 with the
exception of a mutation to alanine at lysine 322 that limits its ability to fix complement. The
molecule was expressed in YB2/0 rat myeloma cells following electroporation and
subsequent selection in culture medium containing methotrexate (100 nM). Surviving clones
were tested for human antibody secretion and ADCC activity, relative to the non-mutated
antibody (hu14.18). Following purification with protein A Sepharose, this agent was kept as
a stock solution at 2.8 mg/ml at 4 °C before saline dilution to 1 mg/ml for delivery at 1 mg/
kg. In order to achieve doses of 3 mg/ml the stock solution was not diluted and 1.07 ml/kg
was injected. Hu14.18K322A has similar affinity for the GD2 ganglioside as ch14.18
(unpublished data) and is expected to have a similar pharmacokinetic profile.

2.2. Isolation of natural killer (NK) cells
Peripheral blood mononuclear cells from healthy donors were collected at St. Jude
Children’s Research Hospital (Memphis, TN) using a protocol approved by the St. Jude
Hospital Institutional Review Board. Natural killer cells (CD56+ CD3−) were harvested
from peripheral blood mononuclear cells using an indirect magnetic labeling system for the
isolation of untouched NK cells with subsequent enrichment on the AutoMACS device
(Miltenyi Biotech, Auburn, CA). Labeling and enrichment were performed according to
manufacturer’s instructions.

2.3. Flow-cytometric analysis
Purity of the isolated NK cells was determined by flow cytometry. Expression of the natural
killer cell markers CD16 and CD56 was determined using anti-CD16 labeled with
fluorescein isothiocyanate (FITC), (BD Bioscience, San Diego, CA), and anti-CD56 labeled
with allophycocyanin (APC) (Beckman-Coulter, Miami, FL). Cells were stained with a
saturating amount of antibody according to the manufacturer’s protocol. Flow-cytometric
data acquisition and analysis was performed on a BD LSR flow cytometer (Beckton–
Dickinson, Mountain View, CA) using Cell Quest software. The overall purity of the
isolated NK cells was >85% (Fig. 1A).

2.4. In Vitro studies: comparison of ch14.18 with hu14.18K322A
2.4.1. Antibody-dependent cellular cytotoxicity (ADCC) and complement-
dependent lysis (CDC)—Antibody-dependent cellular cytotoxicity and CDC were
measured in a conventional 2-h europium-TDA assay (Perkin–Elmer Wallac, Turku,
Finland) as described previously [3]. Briefly, NB-1691 neuroblastoma cells (kindly provided
by Children’s Oncology Group, Arcadia, CA) were labeled with the hydrophobic
fluorescence-enhancing ligand (BATDA) according to the manufacturer’s protocol. Under
basal conditions, intracellular hydrolysis of ester bonds renders the ligand hydrophilic and
BATDA is unable to pass through the cell membrane. Cytolysis results in ligand release
from the cytosol into the supernatant where it reacts with europium to form a stable,
fluorescent chelate. Labeled NB-1691 neuroblastoma cells were incubated for 2 h in a 96-
well plate, 5 × 103/well at 37 °C in a 5% CO2 atmosphere and 95% humidity with NK cells
in an effector-to-target cell ratio of 10:1 in triplicate, with or without 1 μg/ml anti-GD2
(ch14.18) or mutated anti-GD2 (hu14.18K322A). Fluorescence was measured using a
Perkin-Elmer Wallac Victor 2 device.

For CDC, target cells were incubated with ch14.18 or hu14.18K322A (0.1–10 μg/ml) in the
presence of 0.5% human complement serum (Sigma–Aldrich, St. Louis, MO). Following
incubation, supernatant was allowed to react with europium solution and the time-resolved
fluorescence was measured using a Perkin-Elmer Wallac Victor 2 device. To calculate
spontaneous and specific cytotoxicity, the following formulae were used:
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Spontaneous release was determined by incubation of target cells in culture medium without
effector cells. Maximal release was determined by incubating target cells in 0.2% SDS
before harvesting supernatant.

2.5. In vivo studies
Experiments using adult (200–300 g) male Sprague–Dawley, PVG (C+) (Harlan Industries,
Indianapolis, IN), and PVG (C−) rats, were approved by the Institutional Animal Care and
Use Committee of the University of California, San Diego. PVG (C−) rats have a profound
deficiency in C6 complement; they were bred at Johns Hopkins University [4] by WMB.
Absence of C6 complement does not effect generation of upstream complement components
C3a or C5a, but eliminates the ability of the activated complement cascade to generate
membrane attack complex (MAC). All rats were allowed to recover from shipping for at
least 72 h prior to experiments. Animals were acclimated to the test facility for a minimum
of 1 h before being placed in individual plastic compartments (26 × 11 × 20 cm) with wire
mesh floors for 30 min prior to the start of the experiment. After acclimation, basal 50%
probability mechanical withdrawal threshold for each rat was determined. Animals were
then lightly anesthetized with isoflorane (about 2%) and injected with antibody or vehicle
through the tail vein, using a 30 g needle. Anesthesia was discontinued after injection and
the animal placed back in the testing compartment. Rats were awake within 3 min and in
most experiments, mechanical withdrawal thresholds were re-measured every 15 min for the
first 2 h after injection of agent and every 30 min for an additional 2.5 h. Experiments began
between 9 and 10 a.m. Animals used in the study that directly compared ch14.18 and
hu14.18K322A were returned to their home cages for the night and brought back to the
testing room, re-acclimated and tested at 24 h and again at 48 h post-injection. Animals were
kept two to a cage under a 12/12 h day/night cycle with food and water available ad libitum.

2.5.1. Comparison of ch14.18 with hu14.18K322A—Sprague–Dawley rats were
injected with chimeric anti-GD2 (1 mg/kg; N = 8) (ch14.18), an equal amount of the mutated
hu14.18K322A, (N = 8) (hu-1), an increased dose (3 mg/kg; N = 7) of the mutated antibody
(hu-3) or saline (N = 8). One mg/kg of ch14.18 anti-GD2 produces maximum allodynia in
the rat [31]. The increased dose of hu14.18K322A was used to determine if the reduction in
complement activation resulted in a right shift of the dose-allodynia curve, i.e. more
hu14.18K322A was required to observe the maximal behavioral effect. The person
performing the behavioral testing was blinded to the contents of the syringe. Mechanical
withdrawal thresholds following the various treatments were measured and compared.

2.5.2. Allodynic actions of ch14.18 in rats with compromised complement
systems
2.5.2.1. Blockade of C5a complement receptor: One h before the start of the experiment
Sprague–Dawley rats were subcutaneously injected mid-trunk with either saline (N = 5) or
the C5a complement receptor antagonist (3 mg/kg; N = 5). The C5a receptor antagonist, a
synthetic cyclic AcF-[OPdChaWR] peptide was produced in the peptide core of the
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Genomics Research Center, Academia Sinica, Taiwan [12]. Following determination of
baseline withdrawal thresholds, animals were lightly anesthetized and injected with 1 mg/ml
of ch14.18 through the tail vein. The experimenter was blinded as to the pre-treatment.
Animals were examined at 30 min intervals for 5.0 h after the tail vein injection of GD2
antibody.

2.5.3. Elimination of membrane attack complex via loss of C6 complement
factor—Lightly anesthetized PVG (C+; N = 7) and PVG (C−; N = 9) rats were injected
with 1 mg/ml of ch14.18 through the tail vein. Animals were examined only for the first 4.5
h and not at the later time points. Due to low availability of PVG (C−) rats, both strains of
PVG rat were re-used at minimal intervals of 1 week. Results did not change between first
and second usage. A second set of PVG (C−) rats were injected with 1 or 3 mg/kg of
hu14.18K322A or saline through the tail vein (N = 4–9/group). In all cases, the experimenter
was blinded as to the genetic make-up of the animals. All testing was as described above.

2.6. Behavioral testing
Mechanical withdrawal threshold was measured with a set of von Frey filaments (Stoelting)
with exponentially incremental bending forces ranging from 0.41 to 15.1 g. When the
animal was quiet and resting on all four paws, a filament was presented perpendicular to the
plantar surface of the hindpaw with sufficient force to elicit a slight bend. Filaments,
beginning with the 2.0 g filament, were presented in ascending order of stiffness until an
abrupt paw withdrawal (escape) or the stiffest (15.10 g) filament in the set was applied.
Stimuli were maintained for 6 s. Successive stimuli were separated by several seconds or
until the animal was again calm with hindpaws placed flat on the mesh flooring. Testing
followed an up–down paradigm [6], i.e., when a response was made, filaments of decreasing
strength were applied until the animal no longer responded, at which point filaments were
again presented in ascending order. This pattern was repeated for four stimulus presentations
after the first withdrawal response. The 50% probability withdrawal threshold was
calculated [11]. Animals that did not respond to the stiffest filament, were considered to
have thresholds at cut-off (15.1 g). This process was repeated for both the left and right
hindpaws at each timepoint, the average value of the two hindpaws was considered to be the
animal’s response. Area over the curve was calculated for 0–2 h, heuristically defined as
induction and early allodynia; and 2–4.5 h, which we defined as maintenance of allodynia.

2.7. Statistics
Group results are illustrated as means ± standard error of the mean (S.E.M.). Analysis of
variance (ANOVA) and post hoc Dunnetts tests were used to compare ADCC data. Percent
allodynia area over the curve (AOC) was calculated for each animal based on their
individual baseline responses using the trapezoidal method. This was then normalized such
that 0 = no change from baseline and 100 = maximal measurable allodynia. Statistics were
performed on the 50% probability withdrawal threshold using ANOVA for repeated
measures and Bonferroni’s post hoc test. Unpaired t-tests or one way ANOVAs were used to
compare percent allodynia, area under the curve, for different treatment (strain) groups. p ≥
0.05 was considered to be significant.

3. Results
3.1. In vitro experiments

3.1.1. Comparison of ADCC mediated by ch14.18 and hu14.18K322A—The
capacity of ch14.18 and hu14.18 to mediate ADCC was determined using NK cells isolated
from 10 healthy donors. As shown in Fig. 1B, the natural cytotoxicities for these individuals
ranged from 8% to 32% specific lysis of target cells; with a mean of 18.4% ± 2.5. In the
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presence of 1.0 μg/ml anti-GD2, specific lysis of target cells rose to 66–98% (mean 81.2% ±
3.6) for ch14.18 and 26–96% (mean 64.4% ± 7.1) for hu14.18K322A. As expected, for all
individuals, the ADCC activities mediated by both ch14.18 and hu14.18K322A were
substantially higher than seen in the untreated NK cells (p ≥ 0.0001; analysis of variance
(ANOVA)). Importantly, cytotoxicity elicited by hu14.18K322A was almost comparable to
that seen following incubation with ch14.18 (p = 0.053, unpaired t test). In samples from
4/10 donors, specific lysis elicited by hu14.18K322A was equivalent to that induced by
ch14.18, higher than ch14.18 in one sample, and lower than ch14.18 in the remaining
individuals. Overall, hu14.18K322A clearly retains significant ADCC activity.

3.2. Comparison of CDC mediated by ch14.18 and hu14.18K322A
To determine the capacity of ch14.18 and hu14.18K322A to mediate CDC, neuroblastoma
cells were incubated with varying concentrations of ch14.18 or hu14.18K322A in the
presence of 0.5% human complement serum. In the absence of antibody, there was very
little cell lysis (Fig. 2). The antibody ch14.18 displayed a concentration dependent CDC
activity with 20.2% lysis or 2–3 times basal levels at 0.1 μg/ml. At the highest
concentration, (10 μg/ml), 64.3% specific lysis of the target cells was observed. In marked
contrast, hu14.18K322A showed no appreciable CDC activity at 0.1 and 1 μg/ml compared
to the level seen with no antibody. At the highest concentration of hu14.18K322A, only
20.5% lysis was observed, equivalent to that seen with 100 times less ch14.18. Thus, the
mutant hu14.18K322A had greatly diminished capacity to mediate CDC, as compared to
ch14.18.

3.3. In vivo experiments
After demonstrating that hu14.18K322A maintained the ability to mediate ADCC by natural
killer cells and displayed reduced capacity to fix complement in vitro, we compared hu14.18
to ch14.18 in vivo, by injecting one or the other antibody into the rat-tail vein and testing
mechanical thresholds.

3.4. Comparison of allodynia caused by ch14.18 and hu14.18K322A
Prior to injection, rats typically had 50% probability withdrawal thresholds close to cut-off
(15.1 g) and mean thresholds among the four treatment groups were similar (range 14.2 g ±
0.7 to 14.8 g ± 0.2). After IV injection of saline, thresholds were essentially unchanged for
the next 48 h. Percent allodynia averaged 6 ± 3 for the first 4.5 h. In contrast, injection of
ch14.18 (1 mg/kg), caused thresholds to fall precipitously (Fig. 3A). At 30 min post-
injection, mean mechanical threshold was 6.5 g ± 1.5 and mean threshold remained reduced
and stayed between 4.3–6.8 g for the next 4 h. Although thresholds had started to recover,
they remained significantly depressed at 24 h as compared to both baseline and to saline
treated animals. Full recovery and total loss of allodynia was not observed until 48 h post-
injection. These results duplicate those seen in earlier studies [15,31]. Treatment with either
1 or 3 mg/kg of hu14.18K322A also resulted in a steep decrease in mechanical withdrawal
threshold over the first hour, similar, but with a tendency to be smaller than that observed
for ch14.18. For the first 2 h, the general pattern of allodynia was the same for all three
antibody treatments; ANOVA for the areas over the curve (AOC) for the four groups for this
period yielded a p value ≥0.0001 and post hoc tests indicated that all three treatments
resulted in allodynia. Although, there was a tendency towards greater allodynia following
ch14.18, this was not significant for the AOCs compared to either the 1 or 3 mg/kg dose of
hu14.18K322A (p = 0.15 and 0.13, respectively; Fig. 3B). However, after 2 h, pain behavior
was significantly more prominent in animals treated with ch14.18 than those treated with
hu14.18K322A. Animals injected with either dose of hu14.18K322A displayed AOCs for
this period that were no different than those injected with saline and thresholds approached
baseline after 4 h.
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3.5.1. Allodynic actions of ch14.18 in rats with compromised complement systems
In order to confirm that loss of allodynia in the hu14.18K322A treated animals was due to
loss of CDC activity rather than to the small decrement in ADCC activity, we performed
two different experiments to eliminate specific components of the complement cascade.
First, we used animals that were pretreated with a receptor antagonist to block the actions of
complement factor C5a, which leaves both the upstream C3a and downstream membrane
attack complex systems unaffected. Rats pretreated with the antagonist displayed a total lack
of response to injection of 1 mg/kg ch14.18 (Fig. 4); percent AOC was 4 ± 2% for the first 2
h and 5 ± 2% for the 2.5–5.0 h after the tail injection. In comparison, percent AOCs were 37
± 9% and 40 ± 5%, respectively, for simultaneously tested animals given saline as a pre-
treatment.

Next we injected ch14.18, hu14.18K322A and saline (not shown) into PVG (C−) rats with
non-functional C6 complement and ch14.18 into their wild type (PVG C+) counterparts
(Fig. 5). Baseline withdrawal thresholds of both PVG strains were virtually identical with
that seen for Sprague–Dawley rats. The PVG (C+) rats, with intact complement cascades,
developed allodynia following injection of the ch14.18 at the same rate and of the same
magnitude as did the Sprague–Dawley rats and it was maintained for the entire observation
period. Mean thresholds remained depressed until the end of the experiment and the percent
AOC was 42 ± 3% for the time period between 2 and 4.5 h. Analysis showed no significant
difference between PVG (C+) and Sprague–Dawley rats, injected with 1 mg/kg ch14.18 in
the previous experiment, for either the early or the maintained phase of allodynia (0–2 h, p ≥
0.19; 2–4.5 h, p ≥ 0.38).

In marked contrast, PVG (C−) rats developed minimal allodynia. At 1 h post-injection,
thresholds of the PVG (C−) rats had fallen only to 9.5 g ± 1.2 from a mean baseline
threshold of 14.49 g ± 0.4. In comparison, at 1 h post-injection, Sprague–Dawley and PVG
(C+) animals treated with ch14.18 had mean withdrawal thresholds of 5.2 g ± 1.2 and 6.3 g
± 1.7, respectively despite having had similar basal thresholds. Withdrawal thresholds of all
three strains given ch14.18 appeared to plateau from about 2.5–3 h post-injection when C6
deficient rats began what looked like an early recovery. Comparison of the area over the
curve for the early (0–2 h) and this later period (2.0–4.5 h) indicated substantial differences
between the C6 deficient rats (PVG (C−) and those with functioning complement cascades
(compared to PVG(C+) p ≥ 0.02 and p ≥ 0.002 for early and later period, respectively; or to
Sprague–Dawley rats p ≥ 0.000 and p ≥ 0.0001, respectively) with larger differences being
present for the second portion of the experiment.

3.5.2. Comparison of allodynia caused by ch14.18 and hu14.18K322A in rats with deficient
complement factor C6

We also injected PVG (C−) rats with 1 or 3 mg/kg of hu14.18K322A. The rationale behind
this portion of the experiment was that while the PVG (C−) rats were incapable of
generating activated complement factors downstream of C6, the complement cascade
upstream of C6, including both C3a and C5a could still be activated. Differences in percent
allodynia between PVG (C−) rats injected with ch14.18 and hu14.18K322A should be due
to complement activation upstream of complement factor C6, presumably most of its
activity evoked by generation of C5a. PVG (C−) rats injected with either dose of the
mutated antibody exhibited very little allodynia (Fig. 5) and there was a tendency over the
first 2.5 h towards slightly higher withdrawal thresholds compared to PVG (C−) rats injected
with ch14,18. The difference between these two sets of animals as indicated by their AOCs
was significant for rats treated with 1 mg/kg hu14.18K322A (p ≥ 0.01; ch14.18 had more
allodynia) compared to ch14.18, but did not reach significance for the 3 mg/kg dose. During
the second portion of the test period, administration of either dose of the mutated antibody
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resulted in allodynia no different from that elicited by ch14.18, although again there was a
tendency towards lower values and values were also not different from those achieved by
saline (not shown).

4. Discussion
Our results confirm earlier findings demonstrating profound mechanical allodynia resulting
from intravenous ch14.18 treatment, an antibody that has recently been shown to improve
the outcome of patients with high risk neuroblastoma in a phase III clinical trial. Our
principle novel finding is that magnitude and especially duration of ch14.18-induced
mechanical sensitization are due in great part to the ability of this antibody to fix
complement. Animals treated with an antibody variant with reduced capacity to fix
complement (hu14.18K322A), displayed a tendency towards reduced allodynia for the first
2 h post-injection. More importantly there was a much faster recovery from allodynia back
to basal mechanical withdrawal threshold values; differences were readily apparent just a
few hours after injection. This decrease occurred despite the fact that hu14.18K322A
retained ADCC activity.

The complement system consists of serum and membrane bound proteins that interact with
each other and with immune cell molecules in a stylized cascade and serves to amplify the
original signal. Many complement proteins act as receptor-specific activator molecules [1].
Although there are three major complement pathways, the classical pathway activated by
antigen–antibody complexes, is most likely to be activated by anti-GD2 antibody. This
results in formation of complement factors C3a and C5a as well as membrane attack
complex (MAC), which consists of complement factors C5b joined to C6–C9. The
macromolecule thus formed is also known as terminal complement complex.

Complement activation is acknowledged to be a major factor in several systemic
inflammatory disorders and autoimmune diseases such as reperfusion injury, rheumatoid
arthritis and Guillain Barré Syndrome [21]. There is also a precedent for involvement of
complement in local inflammation generated by antibody-antigen reactions and pain.
Complement factors C1, C1q, C3, C3d and C9 are released into the spinal dorsal horn
following nerve injury [25] and, although pain behavior was not measured in these studies, it
is likely to have occurred as the degree of localized spinal glial activation generated in these
experiments is frequently associated with spinal sensitization and hyperalgesia. More
recently, three models of neuropathic pain were all shown to induce increases in mRNA for
complement factors C1q, C3, C4 and C5 specificallyin microglia [16,22]. Increases in
complement factor mRNA peaked 3–7 days after the nerve injury.

Complement receptor 1 is a high affinity receptor for C3b and C4b, it regulates complement
activation and prevents activation of C3 and C5 convertase, thus, blocking formation of
complement components C3a and C5a as well as membrane attack complex [1]. Spinal
administration of the antagonist, soluble complement receptor 1, totally reverses already
established mechanical allodynia due to neuroinflammation or to nerve injury [34]. It is
proposed that this reversal was due to blockade of MAC formation, although actions through
complement factor C5a are also likely. Our data support their conclusion that, complement
fixation, followed by generation of both C5a and MAC, is involved in neuropathic pain.

In our study, animals pretreated with a complement factor C5a receptor antagonist displayed
no mechanical allodynia throughout the experiment. This contrasts with our observation that
hu14.18K322A injection, with limited complement activation, resulted in allodynia for the
first 2 h. This difference between animals given the C5a receptor antagonist and those given
the mutated antibody must be due to the residual complement activation of the
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hu14.18K322A and its actions through generation of C5a and point to a unique role for this
factor in initiating the pain state. In the periphery, intradermal injection of the C5a
complement fragment, elicits mechanical hyperalgesia peaking 20 min after injection [23].
Complement fragment C5a, as well as the other anaphylatoxic peptide C3a, induce the
release of histamine and other inflammatory mediators from mast cells [20] [24]. However,
previous experiments in our laboratory using rats pretreated for several days with compound
48/80, a potent degranulator of mast cells, followed by administration of ch14.18, resulted in
only a trend towards reduction in the magnitude of mechanical allodynia as compared to rats
with control pre-treatment, and no change in duration of the pain behavior (Sorkin and Yu,
unpublished results). These data indicate that mast cell degranulation, at best, contributes
only a small component of the observed ch14.18-evoked allodynia. Nanomolar
concentrations of complement-derived C5a have a chemotactic effect on neutrophils [30]
and other inflammatory cells, and they also induce upregulation of adhesion molecules and
cause increased vascular permeability [21]. Subsequent activation of infiltrating immune
cells results in release of oxygen free radicals and lysosomal proteases. Peripheral blockade
of the C5a receptor by systemic administration of a receptor-specific antagonist reduces, but
importantly does not totally block induction of, mechanical sensitization associated with
paw incision. Antagonist pre-treatment also reduces acute local production of several pro-
inflammatory cytokines [8]. These data further support the hypothesis that C5a contributes
to induction and maintenance of pain behavior.

While there is no doubt that C5a elicits peripheral inflammation, infiltration of neutrophils
and hyperalgesia on its own [23], that is probably not the only complement-dependent
mechanism by which binding of ch14.18 to GD2 ganglioside along the nerve trunk causes
allodynia and ectopic activity. In these experiments, we observed that lack of C6 in the PVG
(C−) animals, downstream of presumably intact C5a formation, is sufficient to significantly
reduce the anti-GD2-induced pain behavior in the induction phase (0–2 h) and particularly in
the later portions (after 2 h) of the observation period. The most likely mechanism of this
reduction was loss of MAC formation. This loss was less complete than that seen following
pre-treatment with C5a receptor antagonist. Injection of hu14.18K322A into C6 deficient
animals had a strong tendency to result in less allodynia than did injection of ch14.18,
although this was significant only for the lower dose during the first post-injection period
(0–2 h). As the difference between these two antibodies is their ability to fix complement
and both sets of animals were unable to form MAC, the disparity must be due to
complement mediated factor upstream of C6, most likely complement factor C5a.

Insertion of MAC into cell membranes results in the formation of transmembrane pores.
Depending on MAC concentration, potential outcomes range from calcium influx and
excitation (activation) to cell lysis and death [19,27]. Sublytic levels of MAC produce
protein kinase C activation, production of diacylglycerol, ceramide and arachidonic acid
metabolites as well as activation of mitogen-activated kinase pathways in various cell types
[19,26,27]. Recently, Koski and colleagues [9] demonstrated that MAC induces increase in
Jun N-ternial Kinase (JNK) activity in Schwann cell cultures within a time course roughly
corresponding to onset of ch14.18-evoked pain behavior. Membrane attack complex is
found in serum and cerebrospinal fluid and on Schwann cells in rats with experimental
allergic neuritis [18] as well as in patients with Guillain–Barré syndrome. In these patients,
presence of MAC correlates with progression of clinical signs [28]. In animals with
experimental allergic neuritis, inhibition of complement activation delays and or totally
suppress demyelination and disease onset [10].

An interesting study from Anderson and colleagues indicates that C6 deficient rats exhibit
milder motor deficits and faster recovery than wild type controls following spinal cord
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contusion, suggesting that MAC contributes to spinal cord excitotoxicity [13]. These
animals were not tested for pain behavior.

However, results from Costigan and Woolf’s group show that nerve injury-elicited pain
behavior was dependent, in part, on C5a activation in the spinal cord and not on factors
including or down stream of C6 [16]. The lack of MAC involvement was thoroughly
demonstrated using C6 deficient rats similar to those that we obtained, and by a reversal of
allodynia with intrathecal administration of the C5a receptor antagonist. There are several
important differences between the two studies. We examined responses to innocuous
mechanical pressure within hours of the insult. Indeed, maximal allodynia was achieved
within 30–45 min. Woolf examined cold allodynia and hyperalgesia in response to pinprick
[16] 3 days post injury. The injuries, although both clinically relevant, are quite different
with respect to time of onset and reversibility. Overt surgical injury to a nerve vs.
administration of an antibody that acts along the axon to elicit ectopic activity [36] and is
likely to predominantly activate the classical complement pathway. Anti-GD2 induced-pain
is completely resolved in children within 2–24 h after completion of treatment [35]. Thus, it
should not be surprising if the mechanisms differ, despite complement involvement in both.

In summary, our findings demonstrated that the mutant hu14.18K322A displayed greatly
reduced capacity to mediate CDC while retaining significant ADCC activity, as compared to
ch14.18. In animal studies, the first set of experiments showed that anti-GD2 induced
allodynia is reduced by use of an antibody with a point mutation that reduces complement
activation. Similar reductions in allodynia were observed following injection of the original
antibody in an animal with deficient C6 complement, a deficit that would prevent the
formation of MAC. Complete abrogation of allodynia was achieved with antagonism of
complement receptor C5a. Thus, we propose that complement activation, including
formation of both C5a and MAC are components of anti-GD2 antibody-induced allodynia.
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Fig. 1.
(A) Flow-cytometric analysis of one isolated natural killer cell population as defined by cells
expressing both CD56 (y axis) and CD16 (x axis), indicating greater than 85% purity. (B)
ADCC was measured by Europium-TDA release assay. NK cells from 10 healthy donors
were incubated with 5 × 103 NB-1691 cells prelabeled with BATDA at an effector: target
ratio of 10:1. Antibody-dependent cellular cytotoxicity is shown for each sample alone or
following 2 h incubation with ch14.18 or hu14.18K322A. Results indicate that
hu14.18K322A incubation results in only a modest decrease in ADCC compared to ch14.18.
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Fig. 2.
Complement-dependent cytotoxicity in the presence of varying concentrations of ch14.18 or
hu14.18K322A was determined in a 2 h Europium-TDA release assay. In the presence of
0.5% human serum complement ch14.18 elicits a much stronger CDC than does
hu14.18K322A.
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Fig. 3.
(A) Intravenous injection of 1 mg/kg of ch14.18 in Sprague–Dawley rats results in a
prolonged decrease in mechanical withdrawal thresholds, which was still significant 24 h
post-injection. In contrast, hu14.18K322A injected at 1 or 3 mg/kg resulted in a slightly less
severe decrease in threshold that began to resolve 2 h post-injection and was totally gone by
3.5 h. Thresholds of animals injected with saline are shown for comparison. (B) Areas over
the curve (increasing numbers indicate more allodynia) are shown for the first 2 h post-
injection and 2–4.5 h post-injection. Ch14.18 = 1 mg/kg ch14.18, hu 1 and hu 3 = 1 and 3
mg/kg hu14.18K322A, respectively. Thresholds of hu 1 and hu 3 rats were not different
from each other during any time period.
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Fig. 4.
Blockade of complement fragment C5a prevents development of ch14.18-induced allodynia.
Animals were pretreated with either subcutaneous saline or C5a receptor antagonist, 1 h
later intravenous GD2 antibody induced a robust allodynia in the saline pretreated animals,
but no pain behavior in animals with antagonist.

Sorkin et al. Page 16

Pain. Author manuscript; available in PMC 2013 August 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
(A) Intravenous injection of 1 mg/kg of ch14.18 in PVG (C+) rats results in a prolonged
decrease in mechanical withdrawal thresholds that were comparable to that seen in Sprauge–
Dawley rats. In marked contrast, the same injection in PVG (C−) rats resulted in much less
severe allodynia that varied significantly from both the Sprague–Dawley and the PVG (C+)
rats injected with ch14.18. Injection of hu14.18K322A into C− rats resulted in a strong
tendency towards even less allodynia. (B) Areas over the curve indicate the sum of activity
over the first 2 h post-injection and the period from 2.5–4.5 h post-injection. C− rats injected
with either dose of hu were no different than saline injected animals. *p 6 0.001–0.02
compared to C+ch1; #p 6 0.01 compared to C−ch1.
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